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Abstract. We consider first an interesting connection between the development of physics and 
the Boston Red Sox. We then discuss in detail the collider phenomenology, as well as precision 
electroweak observables of a very light neutralino. We conclude by considering also the astrophysics 
and cosmology of a very light neutralino. We find that a massless neutralino is consistent with all 
present data. 
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PREFACE 

It is a pleasure to speak here at Northeastern University, in Boston. I was born not too 
far, in Williamstown, some time ago, but have lived in Europe for quite some time. Now, 
it is great to be back in Massachusetts. There is of course a longstanding connection 
between scientific circles in Europe and this wonderful city and state. It is even rumored 
that Galileo Galilei (1564-1642) was offered a job next door at Harvard (est. 1635). 
However, Galileo Galilei never came, possibly because he wasn't sure of getting tenure, 
or possibly because of earlier support for Boston from fellow Italian Leonardo Davinci 
(1452-1519), see Fig.[T^. Galieli always did want to be different. This strong affiliation 
to Boston has been maintained through the years by Nicolaus Copernicus (1473-1543), 
Fig-[Ih, and Johannes Kepler (1571-1630) who worked in Tubingen and Prag but dreamt 
of Red Sox nation. Fig. [1]:. In more modern times Lise Meitner Fig. [T]i and Werner 
Heisenberg, Fig. [2^, have upheld the torch. In the 20* century, the culmination of this 
connection in the person of Albert Einstein, Fig. [2b, is well documented. 

1903 Red Sox win ever World Series on grounds of Northeastern 

1904 Red Sox win AL pennant3 

1905 — Einstein, inspired, has the season of his life 
' lO's Red Sox dominant force 

1916 — Einstein: General Relativity 

1918 Sox win last World Series for a while 

1919 Babe Ruth Sold 

1919 — Einstein, past his prime, slumps 

2004 Red Sox win Series again, hurrah! 

2005 World celebrates Einstein centennial, double hurrah! 
2005h — Both Red Sox and Einstein in 7* heaven 




FIGURE 1. (a) Leonardo Davinci, (b) Nikolaus Copernicus (c) Johannes Kepler, and (d) Lise 
Meitner showing their support. 

INTRODUCTION 

The lightest supersymmetric particle, the LSP, plays a special role in the search for 
supersymmetry at colliders. It is the end product of the cascade decay of any produced 





SUSY particle. Thus the nature of the LSP is decisive for all supersymmetric signatures 
at the LHC. For conserved proton hexality ^ 0] the LSP is stable and must be the 
lightest neutralino^_yP. Here enquire: 'How light can the be?' . This is a summary of 
previous work flSEflBi]. The PDG cites as the laboratory bound [H 

m.o>46GeV (1) 

at 95% C.L., which is based on the chargino searches at LEP These yield lower limits 
on M2 and /i. Furthermore, this bound assumes an underlying SUSY GUT, i.e. Mi = 
I tan^ 0w M2 ~ 5M2 . The experimental bound on M2 then implies a lower bound on Mi . 
Using the neutralino mass matrix, together these give rise to the lower bound in Eq. ([T]). 

It is the purpose of this paper to investigate the consequences of dropping the SUSY 
GUT assumption. In this more general scenario. Mi and M2 are both free parameters. 
We systematically demonstrate that then a massless neutralino is consistent with theory 



and all present laboratory data. For possible models see [|ld. IIIII and techniques [|l2n . 



Taking the determinant of the neutralino mass matrix [fsl] and setting it to zero, we get 

ju [M2M|4sin(2j8) +Mi ( -M2Ai +M|4sin(2/3)) ] =0. (2) 

The solution ;U = is excluded by the LEP chargino bounds. Solving for Mi yields 

^ ^ M2M|sin(2/3)4 
' AiM2-M|sin(2/3)4 • 



Thus for every value of M2, /i and tan /3 , we can find a value of Mi with M^o = 0. This is 
stable under radiative corrections [8]. In the case of complex gaugino parameters there 
is not always a solution. Li the real case, Eq. ([3]) leads to Mi ^ M2/4O. We find that for 
very light neutralinos they are typically more than 90% bino. 



COLLIDER BOUNDS 

Neutralino production at LEP: If we assume m^o = the associated production, 
e+e^ Z?Z2 ' would be accessible at LEP up to the kinematical limit of y/s = m^o = 
208 GeV. In order to compare with the results of the LEP searches we make use of the 
model-independent upper bounds on the topological neutralino production cross section 



obtained by OPAL with = 208 GeV lUj, 



a{e+e- ^ xh!) x BR{x^ ^ Zfi) x BR(Z ^ qq). (4) 



Taking into account BR(Z qq) ^ 70%, one can read off from the OPAL plots [|13l] . 

^ X1X2) x BR(Z2 ^ ^z?) < 70fb . (5) 

We analyze this bound assuming conservatively that BR(;^2 ~^ ^%i) = 1- Imposing 
the bound, Eq. ([5]), significantly constrains the parameter space. In Fig. [Sja) we show 
contour lines of the cross section o{e^e^ — > X1X2) II-M2 plane for tan/3 = 10 

and degenerate selectron masses m^^ = nig^ = nie = 200 GeV. We observe that there is 
a large region where c > 70 fb. Here the selectron masses have to be sufficiently heavy. 
Thus, the bound on the neutralino production cross section can be translated into lower 
bounds on the selectron mass m^, for m^o = 0. In Fig. [3tb), we show contours of the 

selectron mass, such that the bound o{e^e^ X1X2) < 70 fb is fulfilled. 

Radiative neutralino production: An additional search channel is radiative neu- 
tralino production, e+e^ XiXiJ- Due to the large SM background, e^e~ vvy, 
the significance is at best 5 ^ 0. 1 for ^ = 100 pb^^ and = 208 GeV fl 0]. Cuts on 
the photon energy or angle do not help, due to similar distributions of signal and back- 
ground. We find a similar situation at Z?-factories, ^/s ~ 10 GeV. An identification of 
the signal 'photon plus missing energy' is difficult due to the large photonic background 
from the abundant hadronic processes. At the ILC, radiative neutralino production would 
be measurable, due to the option of polarised beams iSBfili^]- 



PRECISION OBSERVABLES 



In the following we study the impact of a light or massless neutralino on electroweak 
prec ision physics. We consider the full one-loop and leading higher-order corrections 
[15, 3 12, 18]. We focus on the invisible width, r:„^, as an example. The additional 



contributions due to F^^o 



r(z- 



XiXi) can be large if the neutralino has a considerable 



Higgsino component. In Ref. 1190, the processes Z — > XiXi and Z ^ ff have been 
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400 f 



< m 
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FIGURE 3. (a) Contour lines of cj{e+e- XiXi) with tanjS = 10, and = 200 GeV, at 
= 208 GeV. (b) Lower bounds on the selectron mass m^, such that a{e^e^ — > Z1Z2) ~ ^Ofb. 



calculated at ^(a) and supplemented with leading higher-order terms from the SM and 
the MSSM. The experimental values for the total width and the invisible width of the Z 
boson are [@] 

= 2495.2 ± 2.3 MeV, T'^p = 499.0 ± 1.5 MeV . (6) 
In our numerical analysis, we show the results for 

^Tinv = Tinv ~ ^inv ' ^"^^ 

We investigate SFinv in one representative SUSY parameter regions. We choose fairly 
light scalar fermions and set the diagonal soft SUSY-breaking parameter mj to 250 GeV. 
In Fig. HI we show SPinv as a function of M2 and /i. A/i is fixed via Eq. ([3]). The 
remaining SUSY parameters are tan j8 = 10, = Af = = mg = Ma = 500 GeV. Here 
A f denotes the trilinear couplings of the Higgses to the sfermions, nig is the gluino mass, 
and Ma the mass of the CP-odd Higgs boson. The deviations from the experimental 
central values as given in Eqs. ([7]), are indicated as experimental nx o contours of the 
respective observable. In addition, the 95%C.L. exclusion bounds of m^± > 94 GeV 
dsl] on the chargino mass from direct searches are marked by dashed white lines. Fig.|4] 
clearly displays that for both observables the MSSM prediction can deviate considerably 
from the experimental values. This is in particular the case for small and small 
IM2I. Nearly all of the parameter space ruled out at the 5a level for T^^^ is, however, 
already excluded due to direct chargino searches. For the interpretation of these plots it 
is furthermore important to keep in mind that the results for Fjj^y do not only depend on 
H and M2, but on all the other SUSY parameters as well. This means in particular that 
an apparent 1 o effect can easily be caused or canceled out by, for instance, a change 
induced by m^, which is known to have a strong impact on the decay into SM fermions, 
see also the discussion in Ref. [ | 19|1 . Furthermore even in the SM, r:„y is predicted to be 
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FIGURE 4. The difference of the experimental value and the theory prediction for the invisible Z width, 
SFinv, indicated as 5r^^y = {T^^y ^^im^ ~ (10j5,3,2, 1) x a^^^ contours. 



inv 



slightly larger than the experimentally measured value, resulting in a ~ la deviation. In 
summary, Finv cannot exclude a massless neutralino. The parts of the 11-M2 planes that 
lead to a large deviation from the experimental values are mostly already excluded by 
direct chargino searches. 



ELECTRIC DIPOLE MOMENTS AND RARE MESON DECAYS 

For the electric dipole moments we refer the reader to the original paper i^. For the 
rare meson decays we defer to the dedicated talk by Ben O'Leary (RWTH Aachen) also 
given at this conference 21]. For some relevant techniques see [122, 23 1 



ASTROPHYSICS AND COSMOLOGY 

Supernova Cooling: A very light neutralino, < ^(lOOMeV) can contribute to 
supernova cooling [|4j,|24i|25|]. The two main production mechanisms are 



A^ + A^ 



■N + N + fi+xl 



(8) 



Once produced, the neutralinos have a mean-free-path, A^o, in the supernova core which 
is determined via the cross sections for the processes 



Xi+N 



(9) 



> 

O 



500 



400 



300 



200 



100 



tfl 



o 

■/a 



o 



Neutron Scattering 

LEP 

I I I I I 

400 800 1200 

M (GeV) 



'9p V 



Neutron Scattering 



I I I 

1600 



2000 



FIGURE 5. Exclusion in SUSY plane for a massless neutralino from supernova cooling 



In order to retain the observed neutrino signal we obtain the exclusion regions depicted 
in Fig. [51 These depend strongly on the selectron and squark masses which enter in the 
propagators of the processes Eqs. ([8]), (lH). 

Hot Dark Matter, the Cowsik-McClelland Bound: Here, we consider the case of 
a (nearly) massless neutralino, m^o < ^(leV). Since the very light bino contributes to 
the hot dark matter of the universe, we assume here implicitly that the cold dark matter 
originates from another source. The bino relic energy density, p^, divided by the critical 



energy density of the universe, pc, is given by [|26l] 



In order for the bino hot dark matter not to disturb the structure formation, we assume 
its contribution to be less than the upper bound on the energy density of the neutrinos. 



as determined by the WMAP data 112711 



a^h^ < [Qv/Z^] max = 0.0076. (11) 
From Eqs. (flOl) and (fTTI) . we find the conservative upper bound 

mj<0.07 eV. (12) 
Thus a very light bino with mass below about 0.1 GeV is consistent with structure 



formation. This line of argument was originally used by Gershtein and Zel'dovich [|280 
and Cowsik and McClelland [|29ll to derive a neutrino upper mass bound, by requiring 
fly < 1- We have here obtained an upper mass bound for a hot dark matter bino. 
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